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We study theoretically the BDD¯ and BDD systems to see if they allow for possible bound
or resonant states. The three-body interaction is evaluated implementing the Fixed Center
Approximation to the Faddeev equations which considers the interaction of a D or D¯ particle
with the components of a BD cluster, previously proved to form a bound state. We find an
I(JP ) = 1/2(0−) bound state for the BDD¯ system at an energy around 8925 − 8985 MeV within
uncertainties, which would correspond to a bottom–hidden-charm meson. In contrast, the BDD
system, which would be bottom–double-charm and hence manifestly exotic, we have found hints
of a bound state in the energy region 8935 − 8985 MeV, but the results are not stable under the
uncertainties of the model, and we cannot assure, neither rule out, the possibility of a BDD three-
body state.
I. INTRODUCTION
The traditional field of few body, which has basically concentrated on few nucleon systems [1–3] or nucleons and
hyperons [4] is gradually giving rise to less conventional systems. Systems with two mesons and one baryon were
studied in [5] with the surprising result that the 1/2+ low lying excited baryons could be reproduced with this picture.
Similar conclusions were found in [6, 7]. Systems of three mesons were also studied and many known resonances could
be described within this picture [8–10].
The jump to the charm sector was done with the study of the DNN system in Ref. [11] and NDK, K¯DN , NDD¯
molecules were also studied in Ref. [12]. The charm sector with three mesons was initiated with the description of the
Y (4260) as a resonant state of J/ψKK¯ [13]. A more complete list of works along those lines can be found in Ref. [14].
In this latter work the DKK and DKK¯ systems were studied and the Fixed Center Approximation to the Faddeev
equations (FCA) was used. The FCA assumes that there is a cluster of two particles, in this case the DK, which
forms the D∗s0(2317) [15–19], and the third particle rescatters multiply with the two particles of the cluster. Direct
comparison of the results for the NKK¯ system with the FCA [20], with a variational method [21], or full Faddeev
equations [22], confirms the accuracy of the FCA to deal with these problems when we have one couple that clearly
binds, like in this case where the K¯N gives rise to the Λ(1405). The application of the FCA to obtain the K−d
scattering length [23] also leads to results comparable to those obtained using a different field theoretical approach
[24]. In the present case the DKK, DKK¯ systems are substituted by BDD and BDD¯ and there are clear analogies
also in the results.
The DK system is bound, and the analogous BD system was also found to be bound in the study of Ref. [25],
where a state of I = 0 and JP = 0+ was found around 7100 MeV, with binding energy between 20− 50 MeV, which
would be the analogous of the D∗s0(2317) as a bound DK system. The second D or D¯ can then scatter with the BD
components of the cluster and lead eventually to more binding, giving rise to a three-body molecule. In the first case
the DB interaction will be attractive but the DD is mostly repulsive and it is unclear what will prevail. In the second
case the D¯D will be attractive but the D¯B is attractive in I = 0 and repulsive in I = 1, and again it is uncertain what
will happen. This is analogous to the DKK and DKK¯ systems where we had a similar behaviour, the K playing the
role of the D and the D playing the role of B. Our final result will reveal that the BDD¯ system clearly binds while
the case for the BDD is uncertain.
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2II. FORMALISM
The bulk of the formalism to implement the FCA to evaluate the three-body interaction in the BDD¯ and BDD
systems is analogous to the DKK¯ and DKK case of Ref. [14]. Therefore in the present section we just show the
differences and modifications for the present case and refer to Ref. [14] for further details on the formalism.
Let us address first the BDD¯ interaction. We need to consider the isospin doublets (B+, B0), (B¯0,−B−),
(D+,−D0), (D¯0, D−) and the |BD, I = 0〉 state given by
|BD, I = 0〉 = − 1√
2
(B+D0 +B0D+) (1)
We then have to consider the interaction with a D¯ to account for the BDD¯ dynamics. Considering the possible
intermediate steps in the multiple scattering, we need the following channels contributing to the three-body interaction:
1)D−[B+D0] 2)D−[B0D+] 3)D¯0[B0D0]
4)[B+D0]D− 5)[B0D+]D− 6)[B0D0]D¯0
The difference between the configurations 1), 2), 3) and 4), 5), 6), respectively, is that in the former ones the D¯
outside the cluster interacts with the B inside the cluster while in the later ones it interacts with the D. Then we
define the partition functions Tij which sum all possible diagrams that begin with configuration i) and finish with
configuration j), following an analogous scheme to the one proposed in Ref. [26]. We show in Fig. 1 the diagrams
that contribute to T11.
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FIG. 1: Multiple scattering diagrams that go in the construction of the partition function T11.
We then have
TFCA11 (s) = t1 + t1G0 T
FCA
41 + t2G0 T
FCA
61 , (2)
where s is the total three-body center-of-mas energy; t1, t2 are defined later in Eq. (6) and G0 is the D¯ propagator
modulated by the BD wave function (see details in Eqs. (2) − (5) of Ref. [14], substituting D → B, K → D and
D∗s0(2317) by the BD(7100) molecule). We can write the equivalent equations for the other Tij partitions and obtain
the set of algebraic equations.
TFCAij (s) = V
FCA
ij (s) +
6∑
l=1
V˜ FCAil (s)G0(s)T
FCA
lj (s) , (3)
which solution is:
TFCAij (s) =
6∑
l=1
[
1− V˜ FCA(s)G0(s)
]−1
il
V FCAlj (s) , (4)
3with
V FCA =


t1 0 t2 0 0 0
0 t3 0 0 0 0
t2 0 t4 0 0 0
0 0 0 t5 0 0
0 0 0 0 t6 t7
0 0 0 0 t7 t8


, V˜ FCA =


0 0 0 t1 0 t2
0 0 0 0 t3 0
0 0 0 t2 0 t4
t5 0 0 0 0 0
0 t6 t7 0 0 0
0 t7 t8 0 0 0


, (5)
and the amplitudes ti are given by
t1 = tB+D−→B+D− , t5 = tD0D−→D0D− ,
t2 = tB+D−→B0D¯0 , t6 = tD+D−→D+D− ,
t3 = tB0D−→B0D− , t7 = tD+D−→D0D¯0 ,
t4 = tB0D¯0→B0D¯0 , t8 = tD0D¯0→D0D¯0 .
(6)
The amplitudes in Eq. (6) are the BD¯ and DD¯ unitarized scattering amplitudes, taken from Refs. [25] and [17, 27]
respectively. Note that, as explained in Ref. [17], there is, with respect to [17, 25, 27], an extra normalization factor
MBD/Mi with MBD the mass of the bound state found in the BD system [25] and Mi the mass of the particle of the
cluster involved. This is introduced for convenience to use the Mandl-Shaw [28] normalization for external D¯(D) and
[BD] states. For the evaluation of DD¯ interaction in Ref. [27], from where the X(3700) resonance was dynamically
obtained, other meson-meson channels were considered, like pipi, ηη, KK¯, DsD¯s and ηηc, but which turn out to have
much less influence than the DD¯ channel. Hence, we can neglect in the present work all the channels except the DD¯.
However, if we do this we cannot get a width for the X(3700) resonance since the DD¯ threshold is far above the
position of that resonance. Therefore, in order to get also the width of the X(3700) obtained in Ref. [27], which was
36 MeV, we have included the ηη channel in addition to the DD¯ but with a renormalized value of the ηη → DD¯
potential such as to reproduce the 36 MeV width.
On the other hand, for the case BDD case we can proceed in an analogous way and again we get Eq. (4) but with
V FCA =


t¯1 0 0 0 0 0
0 t¯2 t¯3 0 0 0
0 t¯3 t¯4 0 0 0
0 0 0 t¯5 0 t¯5
0 0 0 0 t¯6 0
0 0 0 t¯5 0 t¯5


, V˜ FCA =


0 0 0 t¯1 0 0
0 0 0 0 t¯2 t¯3
0 0 0 0 t¯3 t¯4
t¯5 0 t¯5 0 0 0
0 t¯6 0 0 0 0
t¯5 0 t¯5 0 0 0


, (7)
and
t¯1 = tD+B+→D+B+ , t¯4 = tD0B+→D0B+ ,
t¯2 = tD+B0→D+B0 , t¯5 = tD+D0→D+D0 ,
t¯3 = tD+B0→D0B+ , t¯6 = tD+D+→D+D+ ,
(8)
where the DD amplitudes are taken from Ref. [17]. We use isospin symmetry to build the I = 1 amplitude of DD,
including a factor 2 in the interaction of D+D0 → D+D0 given in Ref. [17], while the I = 0 amplitude vanishes. One
should be careful to include a factor 1/2 in the kernel to account for the normalization of identical particles, which
later has to be restored multiplying tI=1DD by 2.
Finally, the TBDD¯(D) three-body scattering amplitude in isospin 1/2 in terms of the amplitudes in Eq. (4) is given
by
TBDD¯(D) =
1
2
(
TFCA11 + T
FCA
12 + T
FCA
14 + T
FCA
15 + T
FCA
21 + T
FCA
22 + T
FCA
24 + T
FCA
25
+ TFCA41 + T
FCA
42 + T
FCA
44 + T
FCA
45 + T
FCA
51 + T
FCA
52 + T
FCA
54 + T
FCA
55
)
. (9)
III. RESULTS
We have two main sources of uncertainty in our model. The first one is the cutoff used to regularize the BD and BD¯
loop functions needed for the evaluation of the unitarized scattering amplitudes [25] of Eqs. (6) and (8). This is carried
out in Ref. [25] and in the present work by using a three-momentum cutoff within the range qmax = 400− 600 MeV.
The second source of uncertainty is the prescription used to evaluate the center-of-mass energy (
√
s3i) of the projectile,
4particle (3) (D¯ or D) and one of the particles in the cluster, (1) or (2) (B or D). These energies are the argument
entering the amplitudes in Eqs. (6) and (8). Two prescriptions were given in Ref. [14] (see Eqs. (19 − 22) of that
reference) and we consider also both of them in the present work. The first prescription (I) is standard in works
implementing the FCA scheme and was used in Refs. [29, 30], and the second prescription (II) takes into account
the sharing of the binding energy between the three particles and was introduced in Ref. [14]. We will consider the
differences obtained changing the value of qmax and implementing both prescriptions for
√
s3i as an estimation of the
uncertainty of our results.
In Fig. 2 we show the results for |TBDD¯|2 in terms of
√
s, the overall CM energy of the BDD¯ three-body system,
using both prescriptions for
√
s3i and qmax = 600 MeV.
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FIG. 2: |TBDD¯|2 with prescriptions I, II for √sD¯B, √sD¯D and qmax = 600 MeV with and without considering width
(from ηη channel) for the X(3700) through the DD¯ interaction. The two curves with ηη channel were multiplied by
a factor 104 for comparison.
We show results with and without considering the width of the X(3700), through the inclusion or not of the ηη
channel in the DD¯ interaction, as explained below Eq. (6). If we do not consider this width, we find, both for
prescription I and II, a neat and narrow peak below the threshold corresponding to the BD cluster resonant mass
(7093 MeV) + the D¯ mass which equals 8962 MeV. This peak corresponds, thus, to a three-body bound state. The
peaks appear at 8926 MeV (prescription I) and 8944 MeV (prescription II). If we include the ηη channel in the DD¯
interaction such as to get the right X(3700) width, the position of the states found barely increases by less than 5 Mev
but a width for the three-body state is obtained of about 10 MeV.
The results with qmax = 400 MeV are similar with peaks at the energies 8977 MeV and 8983 MeV, respectively,
compared with the new threshold of the BD cluster (7129 MeV) + D¯ mass which equals 8998 MeV, and once again
the BDD¯ system binds. The different values obtained with the different prescriptions and cutoffs provide a value for
the BDD¯ bound state in the range 8925− 8985 MeV, with a dispersion in the results that can be considered as the
uncertainty of our calculation.
It is interesting to see the origin of this binding. The cluster BD is bound thanks to the attractive BD interaction
in I = 0. The BD¯ is attractive in I = 0 but repulsive in I = 1 [25]. Similarly the DD¯ is attractive in isospin I = 0,
generating a narrow bound state (the X(3700)) around 3720 MeV [17, 27], and in I = 1 it is also attractive, but very
weakly. In Eq. (6) one can write the ti amplitudes in terms of the isospin amplitudes and see that both I = 0 and
I = 1 BD¯ and DD¯ amplitudes participate in the process. In order to illustrate the importance of the most attractive
components we remove the I = 0 part of the BD¯ amplitudes or the I = 0 part of the DD¯ ones. If we remove the
I = 0 part of the BD¯ interaction the peak disappears for both prescriptions and for the two cutoffs. If we only remove
the I = 0 part of the DD¯ interaction, then the peak only disappears in prescription II with cutoff 400 MeV; in all the
5other cases a peak still remains, although the binding becomes smaller. We conclude that, while the DD¯ attraction
helps in the building up of the three-body bound state, the main source of binding is the I = 0 component of the BD¯
interaction.
As for the BDD system, which would lead to a manifestly exotic meson with two charm quarks and a bottom
antiquark, the amplitudes that we obtain using prescription I show a clear narrow bound state with both cutoffs
for the BD cluster, as can be seen in Fig. 3a. For qmax = 400 MeV the peak appears at 8985 MeV, below the
corresponding threshold of BD cluster + D (8998 MeV), while for qmax = 600 MeV the peak appears at 8936 MeV,
again below its threshold (8962 MeV).
However, when we switch to prescription II the bound state disappears, as can be seen in Fig. 3b. In this case, we
get similar structures to the one that was found in the DKK interaction [14].
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FIG. 3: |TBDD|2 with qmax = 400 MeV and qmax = 600 MeV for the BD cluster, using prescription I (left) and
prescription II (right) for
√
sDB ,
√
sDD.
In order to further explore the possibility of binding in the BDD system, we have tried another potential to describe
the DD interaction, in analogy to the ones of KK from Ref. [14], with an extra factor 1/2 to account for the absence
of the φ exchange, based on the local hidden gauge approach [31–33]. With this interaction a structure similar to a
resonant state is found below threshold for prescription I, but we have noticed that it is too sensitive to changes in
the cutoff values. On the other hand, the results using prescription II still show structures similar to the one found
in the DKK system [14], which cannot be clearly related to a three-body bound state or resonance.
It is interesting to notice that in analogy to the DKK system, we have a very attractive interaction of the external
D with the B of the cluster (the same responsible for the binding of the cluster itself), confronted with the repulsive
interaction of DD. The three-body binding seems to depend on a very delicate equilibrium between these two
interactions, and in the particular case of the BDD system we could not arrive to a decisive conclusion which would
be stable under the model uncertainties.
Conclusions
We have studied the BDD and BDD¯ systems using dynamical models for the BD, BD¯ and DD, DD¯ interaction,
which have been tested in previous works. Given the strong binding of the BD pair, we use the Fixed Center
Approximation (FCA) to the Faddeev equations to evaluate the three-body interaction by considering the multiple
rescattering of the external D or D¯ meson with the components of the BD cluster. This scheme has proved its
reliability in many other cases where two of the particles of the three-body system are strongly clusterized.
We obtained that the BDD¯ system is bound and we get an energy of the BDD¯ system of about 8925− 8985 MeV
considering uncertainties. This result is quite stable under changes in the model that we implement to determine the
uncertainty. Our study reveals that the I = 0 BD¯ and DD¯ amplitudes, which are attractive, are the main reason for
the binding of the BDD¯ system, in particular the attraction of the BD¯ pair.
As for the BDD system, which would be manifestly exotic, we have found some clues of a bound state in the energy
region 8935− 8985 MeV, but the results where not stable under the theoretical uncertainties of the model. Therefore,
we cannot assure, neither rule out, the possibility of a three-body state in the BDD interaction.
6From our results of the BDD¯ study, we expect that a bottom mesonic resonance with quantum numbers I(JP ) =
1/2(0−) and mass around 8925− 8985 MeV could be experimentally found in future studies in hadron facilities.
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